Abstract : Breeding for high-yielding rice has been directed toward those types that have a larger number of spikelets per panicle. The objective of this study was to examine the relationship within a cultivar between the size of the apical dome (AD) and the morphological characters of the panicle components such as the number of primary rachisbranches (PBs), secondary rachis-branches (SBs), and spikelets per panicle. Rice plants (cv. Akenohoshi) were subjected to four short-day (l0h photoperiod) treatments at various developmental stages to change the duration of the vegetative stage and the AD size at panicle initiation (PI). Shoot apices having ADs were sampled at two-day intervals from the late vegetative stage to the early reproductive stage. The sections of the shoot apices were embedded in paraffin and stained with toluidine blue O. The base diameter and height of the ADs were measured with an ocular micrometer, and at heading, the numbers of PBs, SBs, and spikelets were counted. A delay in the start of the short-day treatment increased the total number of leaves on the main culm, extending the vegetative stage. Extension of the vegetative stage increased the AD diameter at PI. However, the effect of the short-day treatments on the AD height was unclear. Enlargement of ADs was accompanied by the increase in the number of differentiated PBs, but not always by that in the number of SBs and spikelets. The results suggested that spikelet number is influenced by plant nutritional conditions as well as by the AD size at PL
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Spikelet number per unit area determines the sink size latter, the ratio, to the number of higher-order branches. of rice because the variability of single grain weight is High-yielding cultivars (Yamagishi et al., 1992) and the small within a genotype. Spikelet number per unit area is NPT (Fukushima, 1999) had a larger AD in diameter at the product of panicle number per unit area and spikelet PI and produced more spikelets per panicle. Tnese number per panicle. A negative correlation is generally previous studies suggest that the diameter of the AD at observed between these two numbers. Recent efforts for PI is the primary factor that determines the difference breeding high-yielding rice genotypes have been directed among cultivars in spikelet number per panicle.
to those types having a larger number of spikelets per The diameter of the AD during the vegetative stage panicle, such as the new plant type (NPT) of the increases with increasing plant age in leaf number, and International Rice Research Institute (Khush, 1996) . the diameter at the time of the differentiation of a leaf High-yielding varieties recently bred have a larger numprimordium positively correlared with the width of the ber of spikelets per panicle than previous modern japoncorresponding fully-expanded leaf blade (Yamazaki, ica varieties (Ishikawa et al., 1999; Kusutani et al., 1963a) . Rice plants under sparse planting conditions or 1999). Because some of these heavy panicle types have sufficient nitrogen conditions had a large vegetative AD thicker culms (Ookawa and Ishihara, 1992 ) and a (Yamazaki, 1963b) , and a larger number of spikelets per positive correlation generally exists between the spikelet panicle. These previous studies may imply that a shorter number per panicle and the thickness of the neck nodes duration of vegetative growth results in the formation of or the first elongated internodes (Matsushima, 1957) , it smaller ADs, and smaller panicles with fewer spikelets. is expected that heavy panicle types may have a larger
The objective of this study is to examine the relationapical dome (AD) at panicle initiation (PI). Fukushima ship between spikelet number and AD size in the early (1999) indicated that the varietal difference in spikelet reproductive stage. We cultivated rice cultivar'Akenohonumber per panicle was related to the diameter of a shi' under a long-day condition and gave short-day young panicle primordium and the ratio of the diameter treatments at various developmental stages to obtain rice of a primary rachis-branch (PB) primordium to that of plants with various AD diameters ar the stage of PI. This a young panicle primordium. The former, the diameter, paper describes the effect of the photoperiod treatment is related to the number of differentiated PBs, and the on the size of AD at the various developmental stages of Received 2 August 2000. Accepted 29 November 2000. Corresponding author: K. 6s37) .
Abbreviations : AD, apical dome; NPT, new plant type; PB, primary rachis-branch; PI, panicle initiation; SB, secondary rachis-branch. panicles, as well as the relationships in AD size with the numbers of PBs, secondary rachis-branches (SBs), and spikelets which determine the final panicle size.
Materials and Methods

Plant material and treatments
A pot experiment was conducted outdoors at the Experimental Farm of Kyoto University, Kyoto, Japan. Rice cultivar 'Akenohoshi' was used because it has a Iarge number of spikelets per panicle and moderate photoperiodic sensitivity. Surface-sterilized seeds were germinated at 32"C for 24 h. Seeds selected for uniformity were sown on May 23, 1998. Germinated seeds were planted in Wagner pots (l/5000a) containing upland field soil, equivalent to 3.0 kg in oven-dried weight from the Experimental Farm (alluvial, Ioam sand), twenty germinated seeds per pot, using the circular denseculture method (Satake, 1972) . Tillers were removed every week. The pots were watered at field capacity level for nine days after sowing, and thereafter kept flooded with 2 to 3 cm of water. Liquid fertilizer, containing 0. l59 nitrogen as ammonium sulfate, 0. 15 g PrOr as sodium dihydrogenphosphate, and 0. 15S KrO as potassium chloride, was applied weekly. All plants were grown under a natural day length for nine days, and then exposed to a long-day condition (16 h photoperiod) to prevent panicle differentiation until the start of the short-day treatments (FiS. l). For the long-day treatment natural daylight was supplemented with artificial light from two 60W white incandescent lamps from 4 a.m. to 6 a.m. and from 6 p.m. to B p.m.
Rice plants grown under long days were subjected to a lOh photoperiod for 19 to 2l days from the time when the plant age reached 5.0, 6.7, 9.0, and 10.9, which are referred to as SDl, SD2, SD3, and SD4 groups, respectively (Fig. l) . The plants were given short days by shading from 5p.m. to 7a.m. with silver plastic sheets (Sekisui Chemical Co.. Ltd.. Japan). The air temperature during the dark treatment was not controlled. After the short-day treatments, the plants were exposed to natural day length.
Preparation of materials for microscopic observations
Five to ten plants per group were sampled at two-day intervals during the period from the late vegetative stage to the early stage of spikelet differentiation; the latter stage being identified by rapid internode elongation as described below. At each sampling, the plant age in leaf number was recorded, regarding the incomplete leaf preceded by coleoptile as the first leaf. The roots were removed, and the shoot (approximately 3 cm long) was cut from the base of the main culm. The shoot apices were fixed in formalin-acetic-alcohol (70% ethanol: acetic acid : formalin:90 : 5 : 5), and then dehydrated in an alcohol series ranging from 40/o n-butanol and 25/o ethlanol in water to absolute n-butanol. The sections The growth of AD through successive plastochrons can be shown as a saw-toothed line (Yamazaki, 1963a; Lyndon, 1998) . At the end of each plastochron' the formation of a new primordium results in an abrupt reduction in the size of the AD, from maximal to minimal. To measure AD size precisely, it is desirable to select the sections at the beginning of each plastochron, when the AD size is minimal. In this experiment, plant age in leaf number was measured for all plants and we collected samples uniform in plant age as much as possible. The synchrony between leaf emergence and the differentiation of a leaf primordium (Yamazaki, 1963a) was also used to obtain uniform samples. However, because of the restriction in the numbers of pots and plants, uniformity of the sections was not satisfactory to
obtain sufficiently precise data to analyze the relationship between AD size and morphological characters of panicle components.
The stages of PI, the PB differentiation, and SB differentiation were identified using the method of Matsushima and Manaka (1956) with a small modification by Xu and Vergara (1986) . The PI stage was defined as the stage of neck-node differentiation, when the first bract was observed. The stage of PB differentiation was defined as the period from the differentiation of the second bracts to that of the first basal SB, in which the bract-increasing stage was included (Xu and Vergara, 1986; Senanayake et al., l99l) . The stage of SB differentiation was defined as the period from the differ- entiation of the first, basal SB to that of the first spikelet on the distal PB. At the spikelet differentiation stage, rapid internode elongation started, and we terminated panicle sampling for microscopy. The identification of neck-node differentiation was difficult (Xu and Vergara, 1986) , and we could only identify the second bract differentiation. We estimated the date of neck-node differentiation as two days before the second bract differentiation based on the observation that a new bract appears about two days after the first bract initiation (Matsushima and Manaka, 1956 ). 3. Measurement of AD size and morphological characters of panicle components The base diameter and the height of ADs at the late vegetative stage and PI stage were measured according to the method of Yamazaki (1963a) . The definitions of the diameter and the height of AD in this study are shown schematically in Fig. 2 . The maximum diameter and the maximum height were determined after examining all the longitudinal sections of each AD using an ocular micrometer. After the second bract differentiation, the diameter and the heieht of AD inside the first bract entiation of the first, basal SB to that of the first spikelet on the distal PB. At the spikelet differentiation srage, rapid internode elongation started, and we terminated panicle sampling for microscopy.
The identification of neck-node differentiation was difficult (Xu and Vergara, 1986) , and we could only identify the second bract differentiation. We estimated the date of neck-node differentiation as two days before the second bract differentiation based on the observation that a new bract appears about two days after the first bract initiation (Matsushima and Manaka, 1956 ) . 3. Measurement of AD size and morphological characters of panicle components The base diameter and the height of ADs at the late vegetative stage and PI stage were measured according to the method of Yamazaki (1963a) . The definitions of the diameter and the height of AD in this study are shown schematically in Fig. 2 . The maximum diameter and the maximum height were determined after examining all the longitudinal sections of each AD using an ocular micrometer. After the second bract differentiation, the diameter and the heieht of AD inside the first bracr were measured as shown in Fig. 3 . Fig. 2 and Fig. 3 show the sections of the ADs that had the maximal diameter and the maximal height among the serial sections. Most of the selected sections were the median longitudinal sections. However, the sections after PB differentiation were not always the median longitudinal sections because the growth of PBs disordered the symmetry of the young panicle and made its structure complex. At heading, after measuring the blade length of flag leaf and the total number of leaves on the main culm, more than 50 panicles were sampled from each group to measure panicle length and the numbers of each panicle component (PBs, SBs, and spikelets). The panicle length was defined as the length from the neck node to the panicle tip. The numbers of final and degenerated spikelets, PBs, and SBs were counted according to Matsushima (1957) . The number of degenerated organs was measured by counting the vestiges ofdegenerated organs on the panicles either with the naked eye or with a binocular microscope. The number of differentiated spikelets was defined as the sum of the numbers of the final spikelets and the degenerated spikelets. Similarly, the numbers of differentiated PBs and SBs were obtained.
Results
Effect of short days on panicle development
The earlier the short-day treatment started, the shorter the duration of the vegetative stage in rice cultivar 'Akenohoshi' (Table l) . The plants exposed to short days from the earliest date (SDl) differentiated neck nodes on June 29 on the average, and thus the length of the vegetative stage in SDI was 37 days. In the plants exposed to short days from the latest date (SD4) , plants differentiated neck nodes on July 27, making the length of the vegetative stage 65 days.
The later the start of the short-day treatment, the shorter the duration of the reproductive stage and the period from the early stage of spikelet differentiation to heading. However, the duration from PI to the early stage of spikelet differentiation, which is the most critical duration in determinine the number of differentiated spikelets (Kobayasi and Horie, 1994) , was not affected by the delay in the start of short-day treatment. It was six days in all groups.
The size of apical domes
The date when the plants attained the stage of PI varied by about ten days with the individual in the same group. For example, the earliest and latest dates of the second bract differentiation were June 23 and July 3, respectively in SDl. After PI, the AD size rapidly increased. To compare AD size among the experimental groups SDl, SD2, SD3, and SD4, we classified the parafhn sections into four developmental stages : the late vegetative stage (seven days preceding PI), the stage of PI (neck-node differentiation), the stage of PB differentiation, and the stage of SB differentiation. The mean diameter and the mean height of the ADs in the sections at the same stage are shown in Table 2 . At any developmental stage, AD diameter was decreased by the shortening of the duration of the vegetative stage. The diameter of AD at the late vegetative stage (seven days preceding PI) was 71.5 pm in SDl, and 35/o larger than that, 96.6 prr,, in SD4. At the stage of PI, the ratio of the diameter in SD4 to that in SDI was 1.33. These results suggest that the AD diameter at around the PI stage was in proportion to that at the late vegetative stage. After PI, the diameter of AD in SD4 increased more rapidly than the others, and the ratio of the diameter at the stage of PB differentiation in SD4 to that in SDI became 1.88. After SB differentiation, the ratio of the AD diameter in SD4 to that in SDl decreased to 1.30.
We could not find any clear relationship between the duration of the vegetative stage and the height of the ADs at either the late vegetative stage or PI stage. After PI, AD height rapidly increased, and the ADs of the plants with longer durations of vegetative growth were larger in height. The AD height in SD4 was larger than that in SDI by l1l/o at the stage of PB differentiation and by 19/ at the stage of SB differentiation. *<>Fx*< This stage spans the beginning of basal secondary rachis-branch differentiation and just before spikelet diflerentiation on a distal primary rachis-branch.
f Data number was one and was excluded lrom statistical analysis. Each value shows meantstandard error. Means within a column followed by the same letter are not signi{icantly different at 5/o level among the treatments with Tukey HSD test. 3. Effect of short days on the morphological characters of the panicle components The shorter the duration of the vegetative stage, the lower the total number of leaves on a main culm (Table  3 ) . The total leaf number in SD I ( I I .4) was lower than that in SD4 (14.4) by three leaves. At the beginning of the short-day treatments, the difference in the number of leaves between SDl and SD4 was 5.9 (Fig. l) . The photoperiodic sensitivity of very young rice plants is generally weak, and so the plants in SDI might have needed more days to induce reproductive growth than those in the other groups. The duration of the vegetative stage had no relationship with the length of panicle or flag leaf blade. However, there was a positive correlation between the length of panicle and flag leaf blade (Table  3 , r:0.932) .
The number of differentiated PBs decreased with reducing the duration of the vegetative stage. The number of differentiated PBs in SD4 was 10.0, which was 4l/o }:ligher than that in SDI (Table 4 ). This finding indicates that plants having larger AD diameters at the stage of PI due to extended duration of the vegetative stage differentiated a larger number of PBs on the main culm. There was no clear correlation between the duration of the vegetative stage and the number of differentiated spikelets or SBs, though the plants in SD4 differentiated the largest numbers of spikelets and SBs. The plants in SD2 and SD3 differentiated a larger number of PBs (7.4 and 8.5, respectively) than those in SDl, but differentiated a smaller number of spikelets and SBs. The number of differentiated spikelets was more closely correlated with the number of differentiated SBs than with that of differentiated PBs.
Discussion
This study indicated that extension of the duration of the vegetative stage by delaying the start of short-day (l0h) treatment caused enlargement of AD diameter at the stage of PI. The study also showed that the panicles that differentiated from larger ADs differentiated a larger number of PBs. Several studies have indicated that the final size of or the number of aboveground organs in rice correlated with the size of AD at the time of their differentiation (Yamazaki, 1963a; Fukushima, 1999) . Yamazaki (1963a) showed that the final size of rice leaves ori a culm was larger, the higher the node position, and found that the final size of the leaf was proportional to the AD size at the time of its differentiation. This finding could explain the fact that later-differentiated leaves generally have a larger leaf size. In the present study, however, the difference in the final length of flag leaves could not be explained by the difference in the AD size at the PI stage. The final size of a leaf is affected not only by the AD size, but also by the environments under which it develops (Yamazak| 1963c).
The present result that the number of differentiated PBs on a panicle increased with the increase in the AD diameter at the PI stage, agrees with the results in the previous studies on varietal difference in spikelet number per panicle (Yamagishi et al., 1992; Fukushima, 1999) . However, Yamagishi et al. (1996) and Kobayasi and Horie (1999) could not fully explain the cultivar difference in spikelet number on the basis of the difference in the AD size at the PI stage. The potential sink size (the product of the number of differentiated spikelets and single grain weight) showed a high positive correlation with the growth duration of rice Sta. Cruz, 1989, 1990) . Matsuba (1991) suggested that the AD size at the PI stage determines the number of differentiated PBs and the potential number of spikelets. Although a shorter growth duration decreases nitrogen absorption Sta. Cruz, 1989, 1990) , it is possible that the lower yield potential of early cultivars is partially due to the smaller ADs associated with the shorter duration of the vegetative stage.
Apical dome size at the PI stage may be one of the factors that affect the morphological character of the panicle components, particularly the number of differentiated PBs per panicle. However, nitrogen, nonstructural carbohydrate, and plant growth regulators may also affect the morphological character of the panicle components (Matsuba, l99l; Kobayasi and Horie, 1994) . In this experiment, measurement of AD size was not accurate enough to analyze the relationship between AD size and morphological character of panicle components, although we selected samples for uniformity as much as possible. To analyze the combined effect of AD size, nitrogen, non-structural carbohydrates, and plant growth regulators on the morphological character of the panicle components, it is necessary to obtain more precise data of AD size. For example, Mu et al. (2000) used only the sections of ADs that have l-5 layers in the new primordium to measure AD size.
In this study, no clear relationship was observed between the number of differentiated spikelets per panicle and the AD size at the PI stage. On the other hand, evidence has been accumulated to show that the number of differentiated spikelets is related to plant nitrogen conditions during the early reproductive stage (Kobayasi and Horie, 1994; Hasegawa et al., 1994) . Kobayasi and Horie (1994) showed that the increase in the plant nitrogen concentration during the period from the stage of PI to that of the spikelet differentiation caused the increase in spikelet number by increasing the number of differentiated SBs on PB. These previous studies, along with the results of the present study, suggest that, although the AD size at the PI stage affects the number of differentiated PBs in a rice panicle and may have the potential to determine the spikelet number per panicle, the number of spikelets is also influenced by the plant nutritional conditions, especially nitrogen conditions, during panicle development.
